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Chamber transport of ‘‘foot’’ pulses for heavy-ion fusion
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Indirect-drive targets for heavy-ion fusion must initially be heated by ‘‘foot’’ pulses that precede the
main heating pulses by tens of nanoseconds. These pulses typically have a lower energy and
perveance than the main pulses, and the fusion-chamber environment is different from that seen by
later pulses. The preliminary particle-in-cell simulations of foot pulses here examine the sensitivity
of the beam focusing to ion–beam perveance, background-gas density, and pre-neutralization by a
plasma near the chamber entry port. ©2003 American Institute of Physics.
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I. INTRODUCTION

In a typical indirect-drive inertial-fusion target, the fu
capsule is heated and compressed by x rays inside a m
shell, or ‘‘hohlraum.’’1 Hohlraum heating is done in two
stages in order to produce correctly timed shock waves in
capsule. The hohlraum is first heated by a ‘‘foot’’ pulse
about 100 eV and maintained at that temperature for aro
25 ns, then a second influx of energy raises the hohlra
temperature above 200 eV. For targets heated by heavy
beams, current designs2,3 require foot pulses to deliver 15%
30% of the 3.3–6 MJ total energy.

Numerical simulations of chamber transport have to d
modeled only the main pulse.4–6 However, simulations of
foot pulses are also needed, due to differences both in b
parameters and in the chamber environment. Foot beam
present designs, have about 25% lower ion energy than m
pulses to compensate for range shortening in heated ma
als. The average current of foot pulses is about a third tha
main pulses, and their generalized perveance, loosely de
as the ratio of the edge potential of a beam to its kine
energy,7 is about half. At this reduced energy, the cross s
tions for collisional stripping of the beam and ionization
the background gas are predicted to be about 25% hig
than at the main-pulse energy. The chamber environm
seen by foot pulses differs from that of the main pu
mainly in the absence of a photoionized plasma around
target. As the hohlraum temperature approaches 100 e
begins to emit soft x rays, which ionize the background g
near the target and help neutralize both the target and
proaching ion beams.6 However, photoemission is negligibl
while the hohlraum is being heated by the first 10–15 ns o
foot pulse, so this beam section must reach the target with
added neutralization.

The present paper presents preliminary numerical m

a!Electronic mail: wmsharp@lbl.gov
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eling of a single foot pulse in a fusion chamber. The appro
mations made in the model are described in Sec. II,
results are presented in Sec. III for three plausible sets
beam parameters, focusing on the effects of beam cur
and species, background-gas density, and a pre-neutral
plasma. Some tentative conclusions are offered in a fi
section.

II. METHOD

A. Numerical model

An upgraded version of the two-dimensional electr
magnetic particle-in-cell~PIC! code BICrz8–10 is used here
to assess transport of foot pulses in a target chamber.
code was written in 1991 by Langdon9 to model chamber
transport, and Callahan added simple models of stripping
background-gas ionization in 1995.4 An unconventional fea-
ture of BICrz is its use of a spatially converging mesh
maintain adequate resolution as the beam compresses
ally. In addition, the code has a relativistic particle advan
allows the use of multiple species, and operates under a
sis interpreter.11 For the present work, BICrz has been retr
fitted with an improved Monte Carlo collisional-ionizatio
model that allows multiple-electron beam-stripping events12

For the preliminary foot-pulse simulations present
here, we make several simplifications. Only a single beam
treated, ignoring possible inter-beam effects near the tar
and the initial beam distribution function is highly idealize
The beam is assumed to be axisymmetric, so transvers
stabilities and any effects of oblique incidence on the tar
cannot be studied. The initial beam density and tempera
are uniform, and the current is constant except in rise and
sections near the beam ends. Since BICrz allows only a f
sided computational domain, with uniform boundary con
tions on each edge, we inject the beamthrougha conducting
boundary where the chamber wall would be. No electr
emission from conducting boundaries is permitted. The ba
7 © 2003 American Institute of Physics
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ground gas in the chamber, resulting from the molten-
jets planned for wall protection, is assumed to be initia
uniform and neutral. The version of BICrz used here allo
the gas to be only singly ionized by collisions with bea
ions, but this is a very good approximation because the b
is short compared with the mean free path for backgrou
gas ionization. Ion recombination processes and collisio
scattering are also ignored here, approximations that are
tified by the low background-gas density. Except for ru
discussed in Sec. III E, the molten-salt jets themselves
neglected, and to save computation time, gas ions are im
bile. Also, there is no metal boundary where the target wo
be, so any problems with target-charge build-up would
appear. Instead, we model the mirror symmetry of the ta
plane by placing a boundary at the nominal target locati
This boundary is a symmetry plane for fields, and it abso
ions while reflecting electrons. Finally, photoionization
soft x rays from the heated target is ignored, although
assumption is fully justified only during the first part of th
pulse.

The collisional-ionization cross sections used here w
calculated by Olson12 using a Monte Carlo technique. Elec
trons liberated by collisions are assigned a Maxwell
thermal-energy distribution with an average energy of 20
approximating the distribution calculated by Olson, and th
angular distribution in the rest frame of the parent atom
ion is strongly peaked in the transverse direction. Spec
cally, the thermal component of the electron velocity is ch
sen to give a Lorentzian angular distribution with a probab
ity

P~f!5
p

b

arctan~b21!

S 2f

p
21D 2

1b2

, ~1!

wheref is the polar angle relative to the beam direction, a
the valueb50.335 gives a good fit to Olson’s calculation
The velocity distribution is uniform in the azimuthal angleu.
The Olson cross sections have not been verified experim
tally due to the absence of heavy-ion sources near the
pected energy and charge state. However, the values
been compared with results from a phenomenological mo
developed by Armel.13 This comparison shows good agre
ment for beam ions with a charge state less than four,
widening discrepancies are seen for higher charge sta
These differences are under investigation, although we
pect that they do not seriously compromise the results, du
the small size of these higher-state cross sections. The
models also predict strikingly different beam-stripping cro
sections for events producing two or more electrons. No
theless, simulations made with the two sets of cross sect
give virtually the same focal spot, despite major differenc
in the final charge-state distribution of the beam.

B. Parameters

The foot-pulse parameters used here are based on
requirements of the two-sided distributed-radiator tar
design,2 developed at Lawrence Livermore National Labo
tory. This kind of target requires about 1.5 MJ to be delive
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by the foot pulses, followed by 4.5–5 MJ from the ma
pulses. To compensate for range-shortening as the targ
heated, the energy of foot-pulse ions is 75% of the ma
pulse ion energy. We note in passing that the foot curr
required by close-coupled targets3 is about half of the value
used here for each layout, but the hohlraum size is redu
by 27% and the required focal-spot dimensions are co
spondingly reduced. This lower-current option should be
vestigated, but the tighter spot-size requirement make it m
challenging.

The indirect-drive target described in Ref. 2 will wor
with ions having a wide range of masses, provided that
ions have approximately the same axial velocity and deli
the required total energy. However, for the same velocity,
kinetic energyV of an ion is proportional to its massM . If
we write the total energyE of a cluster ofN beams as

E'NVIDt, ~2!

where I is the average beam current andDt is the beam
duration, we see that the current scales likeM 21 when the
number of beams and their duration are held constant. A
the generalized perveance, given in SI units by

k[
1

4p«0

2ZeI

g3b3Mc3 , ~3!

will vary like M 22 under these conditions, whereZ is the
average beam-ion charge state,b is the average ion velocity
scaled by the speed of lightc, and g[(12b2)21/2 is the
corresponding relativistic factor. From this scaling, it is cle
that the choice of ion species involves a tradeoff. The cos
the accelerator is reduced if a lighter ion is used, due to
lower ion energy, but space-charge effects, which are roug
proportional tok, complicate transport in the accelerator a
in the fusion chamber.

In most of the foot-pulse simulations here, we use Pb11

ions with a 3 GeV energy, although runs with other spec
are discussed in Sec. III B. The initial beam density is
sumed to be uniform, with a 30 ns pulse duration and 6
parabolically varying rise and fall sections at the ends. T
18 ns middle section has a 3 cmradius as it enters the fusio
chamber, and the beam is focused at a point 3 m inside
chamber wall. The unnormalized edge emittance, defi
here as

«'[2@^r 2&~^r 82&1^r 2u82&!2^rr 8&22^r 2u8&2#1/2, ~4!

is taken to be initially 9 mm mrad, where the angle brack
denote density-weighted radial averages, and the primes
dicate derivatives of the particle transverse coordinatesr and
u with respect to the axial coordinatez. Results are not sen
sitive to this emittance value, however, due the sizable em
tance growth during chamber transport. A molten salt co
posed of fluorine, lithium, and beryllium, referred to a
‘‘flibe,’’ is frequently chosen to protect the walls in concep
tual driver designs,14 and at the working temperature o
600 °C, this salt produces a vapor consisting of about 9
BeF2 and 10% LiF. This composition is used in the simul
tions here. We specify a nominal vapor density of
31013 cm23, corresponding to about 3.1 mTorr, althoug
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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2459Phys. Plasmas, Vol. 10, No. 6, June 2003 Chamber transport of ‘‘foot’’ pulses for heavy-ion fusion
recent work15 suggests that the density may be as low a
31012 cm23. The effects of this possible lower density a
discussed in Sec. III C.

The number of foot beamsNfoot is constrained by simple
scaling considerations. If all beams are assumed to have
same chargeIDt in the accelerator, as is desirable for ef
cient transport, then from Eq.~2!, the number of foot pulses
is

Nfoot

Nmain
5

Efoot

Emain

Vmain

Vfoot
, ~5!

FIG. 1. Sketches of beam layouts for 112-beam case~a! in the accelerator
and ~b! entering one side of the fusion chamber.

FIG. 2. Sketches of beam layouts for 72-beam case~a! in the accelerator and
~b! entering one side of the fusion chamber.

FIG. 3. Sketches of beam layouts for 204-beam case~a! in the accelerator
and ~b! entering one side of the fusion chamber.
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which gives a ratio of 0.44 for the values ofE and V con-
sidered here. The same assumption also gives simple
tions for the average current and perveance of foot pulse

I foot

I main
5

Dtmain

Dt foot
'0.33, ~6!

k foot

kmain
5

Dtmain

Dt foot
S Vmain

Vfoot
D 3/2

'0.51. ~7!

These scaling relations are, of course, somewhat flexi
since foot pulses could have less total charge than m
pulses at a modest penalty in transport efficiency.

Geometric considerations further constrain the num
of foot pulses. In the accelerator, the beams should be c
tered in an approximately circular array to minimize the s
of the induction cores, and the spacing between bea
should be equal in the two transverse directions, since foc
ing is provided by quadrupoles. The best choice is, theref
a square array with beams absent from corner position
give the bundle an approximately circular shape. The ar
should be anevennumber of beams on a side so that it c
be split down the middle to send equal numbers of beam
the two sides of the target. Also, the foot pulses should
cupy outer columns in the accelerator, so they can be spli
at a lower energy than the main pulses. Each beam a
entering the fusion chamber should also be square with
ner beams absent, but it should have anodd number of
beams per side to allow an opening at the center for ta
injection. To give a high degree of symmetry, the number
main pulses and foot pulses entering each side of the ch
ber should both be divisible by four, allowing four identic
quadrants. Finally, a lower limit to the number of beams
imposed by the maximum perveance that can be transpo
in the chamber, while an upper limit is set by practical co
ponent sizes and by the overall complexity, although b
limits may be relaxed by improved understanding and te
nology. The 112-beam layout in Fig. 1 satisfies all of the
constraints. Each half of the beams in the accelerator arra
Fig. 1~a! can be rearranged to give the chamber group
seen in Fig. 1~b!. For the 30 ns current profile describe
above, each of the 32 foot beams has a peak current of
A, giving a generalized perveance of 3.631025. We shall
take this as the nominal case. Decreasing the number of r
and columns by one in the chamber layout gives a 72-be
case sketched in Fig. 2. Each of the 24 foot pulses in
case has a maximum current of 868 A, corresponding t
perveance of 4.931025. Similarly, adding another row and
column to the nominal layout leads to the 208-beam c
seen in Fig. 3. Here, there are 64 foot beams, each with a
A peak current and a 1.831025 perveance. Although case
with more or fewer beams might be worked out, these th
cases span what seems currently practical.

III. RESULTS

A. Effects of foot-pulse perveance

The three cases presented above differ only in their
tial beam current, so they illustrate the effects of varyi
perveance in a particularly simple way. A useful measure
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2460 Phys. Plasmas, Vol. 10, No. 6, June 2003 Sharp et al.
FIG. 4. Enclosed fraction of beam ions at the beam waist for background-gas densities of~a! 531013 cm23 and ~b! 731012 cm23, shown as a function of
radius for the three beam layouts treated here. Also, the enclosed-current fraction is shown for the same initial conditions but no space charge.
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the
chamber-transport effectiveness is the fraction of enclo
beam ions as a function of radius at somez-position, usually
the point of best focus, called the beam ‘‘waist.’’ This dia
nostic measure is a time integral over the beam duration
is proportional to the energy that would be deposited by
beam if the target were placed at thatz location. Figure 4~a!
shows the enclosed beam fraction at the beam waist for
three beam layouts discussed above. Since the target rad
typically about 5 mm, we see that between 8% and 2
misses the target end, with the amount decreasing with
veance, as expected. Also, the location of the waist sh
from about 2.75 m for the 72-beam case to 3 m for
208-beam case. The decreasing slope of the enclo
fraction curves for larger radii indicates a decreasing den
caused by the blow-off of ions with a higher charge sta
Without space charge, the same beams would focus to a
a 1 mm spot, as seen in Fig. 4~a!, and would maintain a
uniform density during compression, indicated by a qu
dratic variation of the enclosed-beam with radius.

Collisional ionization affects the calculated beam wa
in a complicated way. Ionization of the background gas gi
these beams an average neutralization fractionf exceeding
80% after the first meter of propagation, as predicted by
analytic work of Olson.16 By itself, this effect would reduce
the radial electric field in the beam and improve the fo
spot. However, this neutralization is largely offset by t
increased beam charge due to stripping, which increases
average beam charge stateZ in these cases to about five aft
three meters of transport, with a maximum charge state
eleven. Since stripped electron are co-moving with the be
they are stable and increase the charge neutralization fra
f , but the simultaneous increase inZ makes the beam mor
sensitive to the residual radial electric field. The combinat
of these effects is conveniently summarized by defining
‘‘effective perveance’’keff[Z2(12f )k0, wherek0 is the ini-
tial perveance from Eq.~3!, assuming singly charged bea
ions. We find that the effective perveance varies much
during transport thank itself, typically having an average
value neark0 . Consequently, the focal spots seen in Fig. 4~a!
Downloaded 30 Jul 2003 to 128.3.129.101. Redistribution subject to AI
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are only slightly less than those seen in vacuum for the sa
parameters.

The poor focus evident in Fig. 4~a! is exaggerated by the
head-to-tail variation in radius and emittance that devel
during transport. The plots of the effective edge radiusR
[21/2^r 2&1/2 at the 3 m location in Fig. 5~a! show a pro-
nounced growth of the beam head over the first 20% of
pulse for each case, which is reflected in the correspond
edge-emittance values of Fig. 5~b!. These cases have effec
tively the same average ionization state, and apart from
tistical fluctuations, this average at a fixed axial locati
shows no head-to-tail variation. The radius growth near
head, which develops mainly during the last meter of tra
port, is a result of poorer neutralization in the first ionizati
length behind the beam head, corresponding to 13 ns in
case. Photoionization by x rays from the heated targe
expected to increase head-to-tail variation, since the fo
pulse tail should be much better neutralized than then he

The focal spot shows little sensitivity to the inital emi
tance, so long as that value is small compared with emitta
growth during chamber transport. Figure 6 shows the cha
during chamber transport of the edge emittancee' and edge
radiusR near the beam midpoint for three beams differi
only in their initial emittance. The beams respectively ha
emittances of 2.25, 9, and 36 mm mrad. Otherwise, the no
nal parameters for the 112-beam case are used. Values o
figure are obtained by averaging the emittance from Eq.~4!
over 20% of the beam length near the midpoint, and they
plotted against thez position of the midpoint. The slice
thickness accounts for the inflections seen in the curve
z530 cm, the point at which the entire slice has entered
computational domain. The emittance growth seen in F
6~b! during the first two meters of transport results from t
nonlinear electric field inside the beam. During transpo
higher-energy electrons near the beam edge are lost, lea
nonuniform neutralization and therefore a nonlinear rad
electric field. This emittance increase is well predicted by
analytic expression derived by Leeet al.17
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 5. Time histories for three beam layouts of the beam~a! edge radiusR and~b! edge emittance«' after 3 m transport in background gas with the nomin
density.
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2 ~0!1l2keff

2 z2#1/2, ~8!

where the coefficientl depends on the beam radial profile.
general, Eq.~8! has a term that is linear inz, but we can
neglect it here because the fields of initial beam distribut
vary linearly with r inside the beam, so thatd«'(0)/dz is
zero. The calculated emittance growth departs from Eq.~8!
near the waist because the expression was derived by as
ing nearly ballistic ion trajectories, an assumption that fa
near the minimum radius. The radius histories of the th
cases are nearly identical until the final meter of transp
where they deviate to give minimum radii that are appro
mately proportional to the final emittance, as predicted
Ref. 8.

The sensitivity of the focal spot to the initial beam pe
veance can be summarized by the radiir % enclosing speci-
fied percentages of beam ions at the beam waist, plotte
functions of the initial perveance. Remarkably, the focal-s
data plotted in Fig. 7~a! indicated that the energy depositio
Downloaded 30 Jul 2003 to 128.3.129.101. Redistribution subject to AI
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pattern varies self-similarly over an order of magnitude
current values, as indicated by the nearly straightr % lines.
To a good approximation, the emittance at the waist, sho
in Fig. 7~b!, is proportional to the effective radiusR, as
predicted by Ref. 17. Nonetheless, emittance values from
simulations are typically about 30% smaller than the analy
prediction, due to the nonballistic orbits near the target.

While perveance is an important determinant
chamber-transport effectiveness, beams with the same
veance may show significant differences in their dynam
As seen in the definition of Eq.~3!, perveance is determine
by the beam–ion mass, velocity, and current, and these
rameters affect beam dynamics in differing ways. For e
ample, if the ion mass is decreased and the axial velocit
increased to give the the same perveance, the beam is
sensitive to nonlinearities in the radial electric field than t
corresponding case with the nominal ion mass and will sh
a larger emittance increase. Likewise, simultaneously
s density

FIG. 6. Histories of the~a! edge radiusR and ~b! edge emittance«' of beam slices initially having the nominal emittance, one-quarter of that value~‘‘low
emittance’’!, and four times that value~‘‘high emittance’’!. In each case, nominal parameters for the 112-beam case are used, and the background-ga
is 531013 cm23.
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 7. ~a! Radii enclosing specified percentages of beam ions at the beam waist for the nominal 531012 cm23 background-gas density and~b! the
corresponding edge-emittance values, both plotted as functions of the initial beam perveancek0 . The dashed curve gives the effective edge radiusR.
Arrowheads mark the perveance values corresponding to the three beam layouts.
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creasing the beam current and velocity while keeping
perveance constant leads to larger space charge and hen
greater emittance that the nominal case.

B. Effects of beam-ion species

One method for reducing the cost of fusion driver is
use a lighter ion, which according to the scaling in Sec. I
would require a proportionally reduced energy and wo
increase the perveance in proportion with the inverse sq
of the ion mass. The effects of using ions of different ma
have been investigated in a series of simulations in which
deposited energy per beam and the ion velocity were h
constant and the ion energy and current were adjusted ap
priately. Six ion species with masses ranging from 88 a
~strontium! to 238 amu~uranium! were chosen, but the se
lection was based on their masses being well spaced ra
than on the availability of ion sources. The total beam ene
in each case was the same as the 112-beam case with11
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discussed above, and we used the nominal 531013 cm23

background-gas density. The same collisional-ionizat
cross sections were used in every case, in part because
culations using the Armel model show less than 20% va
tion in cross sections over this mass range when the en
per nucleon is held constant, but also because we wan
compare the focal-spot variation with the results found in
previous section for current variation.

Focal-spot data for the five ion species and for lead
plotted in Fig. 8 versus perveance, which ranges from ab
231025 to 2.731024. Qualitatively, the results resembl
those of Fig. 7. The beam focal spot increases self-simila
with perveance up to about 831025, and at larger per-
veance, the increase is less than linear. However, both
focal-spot size and the emittance vary more weakly with p
veance than is seen when current is varied for a given s
cies, even though the charge-state distribution and the tr
verse space-charge fields are quite similar for a giv
oth
FIG. 8. ~a! Radii enclosing specified percentages of beam ions at the beam waist for six ion species and~b! the corresponding edge-emittance values, b
plotted as functions of the initial perveancek0 . The dashed curve gives the effective edge radiusR.
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 9. Time histories for the three beam layouts of the beam~a! edge radiusR and ~b! edge emittance«' after 3 m transport in background-gas with
731012 cm23 density.
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perveance. This difference arises because heavier ions
less responsive to the radial electric field and, therefo
spread out less as the beam converges.

C. Effects of background-gas density

Recent experimental work measuring the vapor press
of molten flibe15 indicates that the equilibrium density at th
expected 600 °C operating temperature may be substan
lower than previous estimates. Extrapolation from high
temperature data had suggested the nominal 531013 cm23

value used in these simulations. The new data indicate
the actual density may be as low as 731012 cm23, corre-
sponding to a pressure of about 0.4 mTorr.

Simulations with beam parameters for the three stand
cases have been run using this lower density, and the fo
spot data are plotted in Fig. 4~b!. In each case, these run
give a slightly poorer enclosed-beam fraction as the co
sponding nominal-density case, even though the emitta
growth during transport is substantially smaller. The ca
of this counter-intuitive result is the poorer neutralization
the lower density. At a gas density of 531013 cm23,
the mean-free path for background-gas ionization is ab
65 cm, so after the beam has traveled about 1.3 m,
neutralization fraction approaches a fairly steady value
about 95%, with a small decrease due to electron hea
as the beam compresses. At the lower density, howe
the mean-free path exceeds 4.5 m, and the neutraliza
fraction only reaches about 55%. The final beam cha
is much less at the lower density because collisional st
ping gives an average charge state of 1.8 at the tar
compared with 5.2 at the nominal density, but the low
neutralization leads to greater radial electric fields and em
tance growth. The finalkeff for the lower density is slightly
greater than for the nominal density, which is consistent w
the poorer focus.

Although the calculated focal spot shows very litt
variation over the expected range of background-gas de
ties, both the final beam emittance and the head-to-tail be
radius variation show much more sensitivity over this de
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sity range. Figure 9 shows final edge radius and emitta
values as functions of time for the three layouts studied h
Comparing with corresponding plots at nominal density
Fig. 5, we see that the midpoint radius values for the t
densities are very similar, and the emittance values there
fer by only about 15%. However, the poor head confinem
found at nominal density is not evident, and instead the la
est radius and emittance values are seen near the beam
This difference results from the migration of electrons
ward the head when the beam is poorly neutralized. Due
beam convergence, the beam head has a smaller radius
higher charge density than the tail, and provided that f
electrons are effectively collisionless, as is the case over
range of densities studied here, they are attracted by
space-charge field. At the nominal density and above,
entire beam quickly reaches its asymptotic neutralization
this head-to-tail charge difference does not develop. The
bulge seen in Fig. 9 disappears gradually with decreas
background-gas density as the number of free electr
drops.

The series of runs plotted in Fig. 10~a! shows that, in the
absence of pre-neutralization, the minimum waist occ
near the density at which the mean free path for collisio
ionization approximately equals the fusion-chamber rad
For the parameters used here, this density is ab
1013 cm23. Although the edge radius, shown as a dash
line, is quite insensitive to pressure over the range studie
is clear from the spacing of contours that the density pro
within the beam is changing substantially. At higher gas d
sities, the core of the beam remains reasonably well-pinc
while the outer 20% spreads to progressively larger ra
Below about 1013 cm23, however, the spacing of beam
fraction lines becomes nearly quadratic, reflecting a fla
interior density profile. As the density is further reduced, t
lines asymptote to their vacuum values, a few percent hig
than the values shown. In this zero-pressure limit, the tra
verse density profile remains flat all the way to the targe
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 10. ~a! Radii enclosing specified percentages of beam ions at the beam waist and~b! the corresponding edge-emittance values, shown as functions o
background-gas density. The dashed curve gives the effective edge radiusR.
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D. Effects of pre-neutralization

One suggestion for improving chamber transport is
pre-neutralize the beam by passing it through a fully ioniz
plasma.18 The plasma would likely be introduced upstrea
from the chamber in a beam pipe, where image forces
wall emission would help maintain plasma quasineutrality
electrons are extracted by a beam. However, limitations
BICrz make realistic simulations of this configuration dif
cult. Since BICrz presently has nonemitting boundaries
allows only a topologically cylindrical computational do
main, we ignore the beam pipe and place the neutraliz
plasma 25 cm inside the chamber wall. Also, to minim
beam stripping, the best pre-neutralizing plasma would
fully ionized hydrogen. However, the mass of hydrogen
about one amu, compared with 47 amu for BeF2 , making the
assumption in BICrz of fixed background ions questionab
For the cases described here, the plasma is cylindrical, w
radius of 4.5 cm and a length of 25 cm, and it has a unifo
density of 1012 cm23.

For the nominal 531013 cm23 background-gas density
this pre-neutralizing plasma is found to make only a sm
improvement in the minimum beam radius. Plots
enclosed-beam fraction versus radius at the beam wais
shown in Fig. 11 for pre-neutralized beams at the nomi
density. Comparing these with data in Fig. 4~a! for beams
without pre-neutralization, we see that the current falli
within the 0.5 cm target radius increases by at most 5%
the three standard beam layouts. This difference is du
improved neutralization inside and just following the plasm
but at the nominal background-gas density, the chang
small. Without a plasma, the beam neutralization fractiof
approaches a steady value after a transport distance app
mating twice the characteristic length for background-g
ionization, a total distance of 1.3 m in flibe with a
31013 cm23 density. This pattern is seen in the Fig. 12~a!
plot showing f near the midpoint of a 651 A beam withou
pre-neutralization. At this density, collisional ionizatio
alone neutralizes about 75% of the beam charge by the
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of the plasma layer, so an exiting beam pulls away relativ
few plasma electrons. Consequently, after the plasma,
12~a! shows little difference inf with and without pre-
neutralization. Halfway to the target, both beams are near
maximum neutralization value predicted by Olson.16

Pre-neutralization is found to work much better at low
gas density. At a gas density of 731012 cm23, the enclosed-
fraction plots in Fig. 11~b! show dramatically better focus fo
each of the three layouts considered here, compared with
corresponding plots in Fig. 4~b! without pre-neutralization.
The fraction of current falling within a 5 mmradius increases
from 62% to 86% for the 72-beam case, while the 208-be
case shows an increase from 92% to 98%. In addition,
pre-neutralized cases show less sensitivity to beam
veance than those without pre-neutralization, and the tim
averaged emittance at the target location for each cas
reduced by more than 40%. The cause of this improveme
seen in Fig. 12~b!, showing the mid-pulse neutralization frac
tion for a 651 A beam in gas with a density of
31012 cm23. With pre-neutralization, the beam emerg
from the plasma with 60% neutralization, compared w
35% without. Provided that the mean-free path for gas i
ization exceeds the distance between the plasma and the
get, as it does here, the additional neutralization from
plasma persists until the ion beam reaches the target loca
leading to a smaller net electric field within the beam a
less emittance growth. We have made a series of runs u
the same range of gas densities used in Fig. 10 but addin
electrically isolated 1012 cm23 pre-neutralizing plasma. As
before, a current of 651 A is used, although analogous res
are found for the other currents used here. The enclos
fraction radii are plotted in Fig. 13, with smooth lines aga
drawn through the data points. Comparing the enclos
fraction radii in the two figures, we see that pr
neutralization reduces the minimum waist radius by ab
30% and effectively eliminates the density dependence of
focal spot for densities below about 1.531013 cm23.

The results here are insensitive to the density of
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 11. Enclosed fraction of beam ions with an electrically isolated plasma placed near the beam entrance in a background-gas density~a! 5
31013 cm23 and~b! 731012 cm23, shown as a function of radius for the three beam layouts treated here. Also, the enclosed-current fraction is show
same initial conditions but no space charge.

FIG. 12. Mid-pulse neutralization fraction of a 651 A beam with and without a pre-neutralizing plasma, shown as a function of axial positioz for
background-gas densities of~a! 531013 cm23 and ~b! 731012 cm23.

FIG. 13. Radii enclosing specified percentages of beam ions at the beam waist with a pre-neutralizing plasma, shown as functions of the back
density. The dashed curve gives the effective edge radiusR.
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FIG. 14. Enclosed fraction of beam ions with and without idealized flibe jets around the beam for the first 2 m of chamber transport through a background-g
density of~a! 531013 cm23 and~b! 731012 cm23, shown as a function of radius. Also, the enclosed-current fraction is shown for the same initial cond
but no space charge. Nominal parameters for the 112-beam layout are used for all cases here.
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plasma and to its radial extent, so long as the numbe
plasma electrons within the beam radius substantially
ceeds the initial beam charge. Virtually no difference is se
between cases with densities of 1011 and 1012 cm23, but re-
ducing the density to 1010 cm23, which is slightly below the
beam density at the same axial location, results in redu
neutralization and a 20% larger focal spot.

The main limitation of this work is the electrical isola
tion of the pre-neutralizing plasma. In the calculation, a
electron pulled from the plasma by a passing beam leav
fixed positive charge at its original position that retards
escape of other electrons. In practice, however, p
neutralization would be done in the beam ports just upstre
from the fusion chamber, so the plasma would be in elec
cal contact with a grounded metal wall. In this case, electr
would be drawn off the wall to maintain the quasineutral
of the plasma. We expect that this additional electron sou
will substantially increase the number of electrons captu
by ion beam. Initial work by Roseet al.19 supports this ex-
pectation, and more recent simulations by Welchet al.20 in-
dicate that the focal radius can be a factor of two sma
than similar cases with an electrically isolated plasma.

E. Effects of molten-salt jets

The principal omission from the foot-pulse simulatio
here is the absence of the molten-salt jets planned for
protection. As presently conceived, a crisscrossed lattic
these jets would fill the outer two meters of the cham
ends, with aligned holes between jets for the beams. Eac
is expected to be a few centimeters in diameter, proba
with millimeter-scale ripples. Such jets have several featu
that complicate realistic modeling: their low but no
negligible conductivity, their intrinsically three-dimension
geometry, and the likelihood that their surface will be ioniz
by ions from the beam halo and, after initial target heati
by x rays from the hohlraum ends.

To get a qualitative idea of how these jets might affe
chamber transport of a foot pulse, we have studied
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extremely crude computational model of the jets. Beca
BICrz is an axisymmetric code, the rectangular lattice of j
is replaced in the model by rings. For the first 2 m of cha
ber transport, the beam is circled by rings representing
jets, placed 5 mm outside the nominal beam radius
spaced 10 cm apart longitudinally. Due to the relative
coarse axial gridding, however, the rings are fewer in num
than the planned jets, larger in cross-sectional area, and
angular rather than circular in cross section, with a 10
length and a 1 cmthickness. Perhaps the crudest aspect
the model is its representation of the molten salt by a plas
with anchored ions. Although this model is arguably a
equate after the flibe surface has become ionized, it mis
resents the electrical properties of the flibe and ignores
work function that binds electrons to the salt.

The principal effect of the plasma rings is to contribu
electrons to the passing beam. Some electrons are pu
transversely into the beam by the unneutralized space-ch
field, but they have a larger transverse temperature than e
trons from a pre-neutralizing plasma, so they are m
readily lost during transport, being replaced by electro
from other rings. The net effect is seen in Fig. 14, whi
shows results for a 651 A beam of 3 GeV Pb11 ions. At the
nominal 531013 cm23 background-gas density, shown
Fig. 14~a!, the rings slightly reduce the radius of ions in th
beam halo but have a negligible effect on the beam co
This limited effect is due in part to the effective neutraliz
tion provided by collisional ionization. In addition, a com
parison of beam neutralization for the cases with and with
plasma rings shows that the small additional neutralizat
picked up from the rings is lost during the final meter
transport. The rings are much more effective at neutraliz
the beam for a background density of 731012 cm23, as seen
in Fig. 14~b!. Due to the slow rate of collisional ionization
neutralizing electrons from the rings cause a substantial
duction in the net space charge, increasing the fraction
beam ions hitting the target from 75% to over 95%. Ev
though electrons from the rings are lost more readily th
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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2467Phys. Plasmas, Vol. 10, No. 6, June 2003 Chamber transport of ‘‘foot’’ pulses for heavy-ion fusion
those from a plasma, the focal spot for this case is sma
than the corresponding 112-beam case in Fig. 11~b! because
the electrons only have to remain in the beam for the fi
meter, compared with 2.5 m for the case with a plasma.

Despite the obvious shortcomings of the model,
simulations suggest that the rings could be a useful sourc
electrons, provided that their surface is sufficiently ioniz
by halo particles from the beam or, later, by target x rays.
should note, however, that this axisymmetric calculation n
essarily ignores the asymmetry of actual flibe jets, wh
could affect the transverse position and possibly the stab
of the beam. Three-dimensional simulations using a m
plausible model of the molten-salt jets are needed before
can claim to understand this aspect of chamber transpor

IV. CONCLUSIONS

The preliminary simulations reported here suggest t
transport of foot pulses in a fusion chamber poses sev
challenges. Although these pulses have a lower current
energy than main pulses, they must reach the target an
the initial hohlraum heating without the benefit of the ph
toionized background-gas plasma that surrounds the ta
when the main pulses arrive. Consequently, foot pulses
more poorly neutralized in their final stages of radial co
pression, leading to emittance growth and a poor foc
These problems can be reduced by using more foot pu
but only at the cost of greater complexity.

The use of an electrically isolated pre-neutralizi
plasma reduces the focal spot size, but the effect is limite
higher background-gas density by the high degree of neu
ization that results from collisional ionization. If th
background-gas density is as low as recent work sugge
then pre-neutralization is found to work substantially bet
and may allow an acceptable focal spot for 112 or perh
even 72 foot beams. These cases, of course, must be
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with a realistic target model, flibe jets, and photoionizati
before we can feel confident that foot pulses can be succ
fully transported to an HIF target.
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